Ur^LAS'^  FI'^-D 


MASTER  COPY  -  FOR  REPRODUCTION  PURPOSES 


kllON  OF  t'HlS  FaO£ 


U  REPORT  security  CLASSIFICATIONv  ^ 

■ '  \  >  -  r"  -r  ir  vj  ■»2 

_ liOCdiJ  sslfied  -■-^->--1  ^ 

2a  SECURITY  CLASSIFICATION  AUTHpRITV  JUN  IB  1S83 

'-4^^ 


2h  DECLASSIFICATION /DOWNGRADING  SCHEDULE) 


4  PERFORMING  ORGiMlYariz-in  . . - 

AD-A209  109  _ 

6a.  Vjr  rcr^r^^MVlHN^J  UK(jANI^A  nuiM  «o.  vjFFICE  S' 

(ff  app/#c 

Chemical  Sciences  Dept. 


6c.  ADDRESS  (Ofy,  State,  and  ZIPCode) 

Battelle  Memorial  Institute  ' 

Richland,  WA  99352 


Ra.  NAME  OF  FUNDING  /  SPONSORING 
ORGANIZATION 

U.  S.  Army  Research  Office 


8c  ADDRESS  (Ofy,  State,  and  ZIP  Code) 

P.  0.  Box  12211 


nEPORT'ppCbMENTATION  PAGE 


lb.  RESTRICTIVE  MARKING 


3.  DISTRIBUTION/AVAILA8ILITY  OF  REPORT 

/\pproved  for  public  release; 
distribution  unlimited. 


5.  MONITORING  ORGANIZATION  REPORT  NUM8ER(S) 


^  3  OFi  .//-/P75 


«o  OFFICE  SYMBOL  7a.  NAME  OF  MONITORING  ORGANIZATION 
(If  applicable) 

U.  S.  Army  Research  Office 


7b.  ADDRESS  (07y,  State,  and  ZIP  Code) 

P.  0.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


8b.  OFFICE  SYMBOL  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  applicable) 

_ -0  0  33 


10.  SOURCE  OF  FUNDING  NUMBERS 


WORK  UNIT 
ACCESSION  NO 


PROGRAM 

PROJECT 

TASK 

27709-2211 

ELEMENT  NO. 

NO 

NO. 

11.  TITLE  (Include  Security  Classification) 

The  Microstructure  of  Ceramic  Powders  and  Fibers  Produced  by  Supercritical  Fluid  Methods 


'’^”^?ean'^y!”?lal?son,  Richard  D.  Smith 


13b.  TIME  COVERED 
prom  2/1 5/85  TO 2/14/89 


14.  DATE  OF  REPORT  (Year,  Month,  Day)  “  AGE  COUNT 

1989/March/l 


16  SUPPLEMENTARY  NOTATION 

The  view,  opinions  and/or  findings  contained  in  this  report  are  those 
of  the  author!?) .and  should  not  be. construed  as,  an  official  Department  of  the  Army  position, 

T->rt  I  1  oT-  Hor-icinn  unloec  H  p  <s  i  <7  n  o  ^  oH  R\r  ohhOT-  Hrtr'simoTi  t- t- T  J  r  » 


18.  SUBJECT  T^RMS  {Continue  on  refers#  if  necessary  and  identify  by  block  number) 

Supercritical  fluid,  expansion  powder,  fiber,  film 
ceramic  precursor,  nucleation 


17. 

COSATI  CODES  1 

FIELD 

GROUP 

SUBGROUP  1 

9  ABSTRACT  (Continue  on  reverse  If  necessary  and  identify  by  block  number) 

^he  rapid  expansion  of  supercritical  fluid  solutions  (RESS)  process  was  investigated  for 
the  production  of  ceramic  and  preceramic,  fibers,  and  films.  The  RESS  process  involves 
the  extremely  rapid  nucleation  of  a  low  vapor  pressure  solute,  present  as  dispersed 
molecular  species  in  a  supercritical  fluid  solvent,  during  expansion  of  the  supercritical 
solution  across  a  small  orifice.  Specific  morphologies  of  the  solute  after  expansion 
were  found  to  be  dependent  on  the  processing  conditions  employed  during  the  RESS  expansion 
and  product  collection.  RESS  was  investigated  as  a  method  for  processing  a  range  of 
ceramic  and  preceramic  materials  using  a  variety  of  supercritical  fluid  solvents.  Products 
obtained  by  this  process  included  nanometer  to  micrometer  scale  fine  powders,  submierdme ter 
thick  continuous  films,  and  fine  polymer  fibers  having  high  aspect  ratios. 


20  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT 
DuNCLASSIFIEDAJNLIMITED  □  SAME  AS  RPT. 


72a  NAME  OF  RESPONSIBLE  INDIVIDUAL 


21.  ABSTRACT  SECURITY  CLASSIFICATION 

Qdtic  users  Unclassified 


22b.  TELEPHONE  (Include  Area  Code)  22c.  OFFICE  SYMBOL 


DD  FORM  1471,84  mar 


83  APR  edition  may  be  used  until  exhaujted. 
All  other  ^itiooAaie  obwiete 

By  ■  6 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 
"^UlJCLA^BltUW 


1 


FINAL  REPORT 


ARO  PROPOSAL  NUMBER:  23082-MS 

PERIOD  COVERED  BY  REPORT:  2/15/86  -  2/14/89 

TITLE  OF  PROPOSAL:  The  Microstruclure  of  Ceramic  Powders  and  Fibers  Produced  by 
Supercritical  Fluid  Methods. 

CONTRACT  OR  GRANT  NUMBER:  DAAL03-86-K-0033 
NAME  OF  INSTITUTION:  Battelle  Memorial  Institute 
AUTHORS  OF  REPORT:  Dean  W.  Matson  and  Richard  D.  Smith 

I 

PERSONNEL  SUPPORTED  UNDER  CONTRACT  NO.  DAAL03-86-K-003: 

Dean  W.  Matson 
Richard  D.  Smith 
Swami  V.  Raman 
Kenneth  A.  Norton 

FOREWARD: 

The  development  of  new  methods  for  producing  fine  powders  and  other 
submicroscale  components  is  essential  in  a  number  of  advanced  technologies.  Among 
these  are  ceramic  and  metallurgical  applications,  where  the  purities,  sizes,  and  size 
distribution  of  particles  used  for  the  forming  and  sintering  of  compacts  can  strongly 
influence  the  sintering  characteristics  and  physical  properties  of  the  resulting  product. 
One  novel  approach  to  the  production  of  submicroscale  particles  and  fibers  is  the  rapid 
expansion  of  supercritical  fluid  solutions  (RE5S)  process,  which  is  under  development 
at  Baltelle-Northwest.  This  process  exploits  the  abrupt  drop  in  solvent  density  which 
occurs  when  a  supercritical  fluid  (dense  gas)  is  expanded  across  a  nozzle  to  initiate  the 
nucleation  and  growth  of  solute  species  dissolved  in  the  supercritical  fluid  solvent  prior 
to  expansion. 

This  report  summarizes  the  results  of  a  three  year  ARO  sponsored  study  of  the 
RESS  process  as  a  method  for  forming  ceramic  and  preceramic  products.  Among  the 
goals  of  the  program  were  the  development  of  an  Improved  understanding  of  physical 
processes  occurring  during  the  RESS  expansion  and  the  utilization  of  that  understanding 
to  allow  optimization  of  RESS  product  characteristics  for  specific  materials 
applications.  A  major  emphasis  was  placed  on  characterizing  the  variations  in  RESS 
product  morphologies  which  occur  with  changes  in  the  conditions  under  which  the  RESS 
expansion  takes  place.  This  was  considered  a  reasonable  approach  to  establishing  the 


boundaries  of  product  morphologies  which  the  RESS  process  is  capable  of  generating,  as 
well  as  providing  empirical  evidence  into  the  physical  processes  occurring  during  the 
RESS  expansion  and  at  product  collection  surfaces.  Additional  emphasis  in  this  project 
was  directed  toward  investigating  the  range  (and  limits)  of  materials  and  supercritical 
solvents  suitable  for  processing  by  the  RESS  technique  and  the  development  of  improved 
apparatus  for  specialized  applications. 

In  the  coarse  of  this  program,  considerable  insight  was  obtained  into  the  physical 
aspects  of  RESS  processing,  as  is  reflected  in  the  development  of  the  RESS  experimental 
apparatus  over  the  last  three  years.  The  basic  components  of  all  RESS  apparatus  are 
similar,  according  to  the  fundamental  requirements  of  the  process.  However, 
considerable  flexibility  exists  with  regard  to  the  method  for  introducing  the  solute 
species  into  the  fluid  solvent,  as  well  as  the  design  of  the  nozzle  used  to  produce  the 
expansion.  Consequently,  considerable  experience  was  obtained  in  designing  RESS 
apparatus  for  a  range  of  fluids,  and  on  scales  ranging  from  bench-top  to  systems  capable 
of  liquid  throughputs  on  the  order  of  several  liters  per  minute. 

One  design  development  that  was  found  to  be  particularly  useful  was  a  linear 
autoclave  suitable  for  use  with  aqueous  solvents  to  pressures  of  1 0,000  psi  and 
temperatures  of  up  to  SOO^C.  These  autoclaves,  which  were  constructed  from  ten  foot 
lengths  of  9/16  inch  O.D.  Hastelloy  or  316  stainless  steel,  could  be  packed  with  solids 
having  low  fluid  solubilities  under  ambient  conditions.  Mounted  in-line,  between  the 
system  pump  and  the  expansion  region  of  the  apparatus,  linear  autoclaves  were 
resistively  heated  by  the  output  from  a  D.C.  power  supply  and  allowed  continuous  steady 
state  operation  of  the  system  for  extended  periods  of  time. 

Various  designs  of  RESS  expansion  nozzles  were  investigated,  ranging  from 
capillary-style  nozzles  having  length-to-diameter  ratios  in  excess  of  100  to  near  "pin 
point"  nozzles  having  comparable  lengths  and  orifice  diameters.  Laser-drilled  sapphire 
inserts  were  also  investigated  for  use  as  RESS  nozzles.  Nozzle  dimensions  and  design 
were  typically  constrained  by  pumping  capacities,  flow  requirements,  material 
compatibility  with  the  different  solvents  used,  and  the  ability  to  seal  the  nozzle  to  the 
end  of  a  heated  and  pressurized  length  of  metal  tubing.  Within  those  limitations,  little 
evidence  was  found  to  indicate  that  nozzle  dimensions  significantly  affected  the  product 
characteristics,  especially  when  a  particulate  or  powder  product  was  obtained. 

Interestingly,  the  production  of  high  aspect  ratio  polymer  fibers  does  apparently 
require  the  use  of  capillary-style  nozzles  on  which  the  nucleated  liquid  polymer  can  coat 
the  inner  nozzle  surface. 
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An  effort  was  made  during  the  course  of  the  program  to  establish  the  breadth  of 
applicability  of  this  technique  to  different  materials,  as  well  as  to  determine  these 
limitations.  Considerable  effort  was  expended  on  investigations  of  supercritical  water 
and  carbon  dioxide  as  RESS  solvents  because  these  are  attractive  from  economic  and 
environmental  perspectives,  as  well  as  their  having  known  solubility  characteristics 
toward  many  solutes  of  interest,  including  oxides  and  polymeric  materials.  Other 
solvents,  including  a  number  of  low  molecular  weight  hydrocarbons,  alcohols,  and 
ammonia,  were  investigated  for  processing  solid  materials  which  were  not  suitable  for 
use  with  water  or  carbon  dioxide. 

I 

To  obtain  a  powder  product  during  a  RESS  expansion.  It  was  determined  that  the 
solute  must  be  present  in  the  supercritical  fluid  prior  to  expansion  at  some  minimum 
concentration  limit  in  order  to  nucleate  and  grow  during  the  expansion.  This 
concentration  limit  may  be  as  low  as  a  few  ppm  for  some  solutes,  but  is  solute  dependent 
(or  vapor  pressure)  and  may  be  much  higher  for  other  materials.  Many  inorganic 
solutes  (most  oxides,  nitrides,  etc.)  have  solubilities  which  are  too  low  in  pure 
supercritical  solvents  having  reasonable  critical  parameters  for  practical  large-scale 
fine  powder  production.  However,  that  does  not  preclude  the  use  of  at  least  some  of  these 
essentially  Insoluble  materials  for  the  production  of  small  quantities  of  ultrafine 
particles  or  thin  films.  In  RESS  film  formation  processes  in  which  the  solute  nucleation 
occurs  heterogeneously  at  a  substrate  surface,  concentrations  of  more  than  a  few  parts 
per  million  in  the  expanding  fluid  are  neither  required  nor  desirable.  The  formation  of 
films  by  RESS  expansions  of  more  highly  concentrated  solutions  is  promoted  by 
processing  conditions  favoring  the  presence  of  liquid  solvent  at  the  substrate  surface. 

In  addition  to  conventional  inorganic  ceramic  materials  (such  as  oxides),  the 
RESS  process  was  investigated  under  the  ARO  program  for  its  potential  in  polymer 
processing,  with  particular  emphasis  on  preceramic  polymers.  These  materials  were 
found  to  form  powders  similar  to  those  obtained  from  inorganic  materials  by  the  same 
nucleation  and  growth  processes.  In  addition,  however,  most  polymers  could  also  be 
made  to  form  fine  fibers  having  large  aspect  ratios.  Many  polymers  were  found  to  be 
soluble  in  liquid  organic  solvents  such  as  pentane  and  could  therefore  be  prepared  in 
solutions  which  were  pumped  directly  into  the  heated  region  of  the  RESS  apparatus 
without  requiring  the  use  of  an  autoclave.  Other  polymers  were  observed  to  exhibit 
sufficient  solubility  in  supercritical  carbon  dioxide  to  allow  use  of  this  attractive 
solvent  for  RESS  processing  In  general,  if  was  found  that  polymer  fiber  formation 
occurs  under  RESS  expansion  temperatures  near  the  polymer  melting  temperature  and 
that  particle  formation  occurs  at  expansion  temperatures  both  above  and  below  that 


point.  Near  the  polymer  melting  temperature,  where  liquid  polymer  viscosities  are 
high,  shear  forces  produced  during  the  expansion  can  "draw  out"  the  liquid  droplets, 
which  rapidly  solidify  in  the  form  of  short  fibers.  Alternatively,  when  capillary-style 
expansion  nozzles  are  used,  liquid  polymer  precipitation  occurs  along  the  length  of  the 
capillary.  This  results  in  the  inner  surface  of  the  nozzle  becoming  coated  with  the  liquid 
polymer,  which  is  again  drawn  out  by  the  shear  forces  of  the  expanding  fluid  into 
essentially  continuous  fibers. 

A  particularly  interesting  development  in  the  RESS  project  was  a  demonstration 
of  the  ability  to  produce  intimate  mixtures  of  solute  materials  by  co-nucleation  during 
the  rapid  expansion  process.  This  "compositional  quenching"  is  a  solution -based 
equivalent  to  rapid  quenching  techniques  used  to  form  thermodynamically  unstable 
glasses  or  metal  alloys  from  the  molten  state.  Using  the  RESS  technique,  mixed  oxide, 
salt-oxide,  organometallic  complex-oxide,  and  polymer-polymer  molecular  composites 
were  prepared.  This  is  a  particularly  promising  area  of  future  application  for  the  RESS 
process,  providing  unique  opportunities  for  the  production  of  intimately  mixed 
materials.  It  was  also  found  that  the  addition  of  small  quantities  of  a  second  solute  may, 
under  some  conditions,  alter  the  morphologies  of  RESS  products.  Descriptions  of  these 
and  other  developments  have  been  detailed  in  papers  prepared  for  publication  during  the 
course  of  this  program. 
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